S3 



CO 

CO 
CM 
CO 



CO 

o 

CL 



Europalsches Patentamt 
European Patent Office 
Office europeen des brevets 



nnniiiunii 

0 Publication number 0 310 623 B1 



© 



EUROPEAN PATENT SPECIFICATION 



© Date of publication of patent specification: 14.04.93 © Int CI. 5 : A61F 2/00, B32B 7/08 

© Application number: 87904191.1 

© Date of filing: 05.06.87 

© International application number 
PCT/US87/01395 

© International publication number 
WO 87/07495 (17.12.87 87/28) 



© BIOCOMPATIBLE PARTICLES AND CLOTH-UKE ARTICLE MADE THEREFROM. 



© 


Priority: 09.06.86 US 872617 


© Proprietor CERAMED CORPORATION 


@ 




12860 West Cedar Drive Suite 108 


Date of publication of application: 


Lakewood, CO 80228(US) 




12.04.89 Bulletin 89/15 








© Inventor: STARLING, L, Brian 


© 


Publication of the grant of the patent: 


317 Ptarmigan Street 




14.04.93 Bulletin 93/15 


Golden, CO 80403(US) 


© 




Inventor STEPHAN, James, E. 


Designated Contracting States: 


6010 Wright Street 




FR IT 


Arvada, CO 80004(US) 






Inventor HUBBARD, William, G. 


References cited: 


824 South Nelson Way 




WO-A-86/03671 


Lakewood, CO 80226(US) 




US-A- 2 691 605 






US-A- 3 852 045 






US-A- 4 348 458 


© Representative: Thomas, Roger Tamlyn et al 




US-A- 4 371 484 


D. Young & Co. 10 Staple Inn 






London WC1V 7RD (GB) 



Note: Within nine months from the publication of the mention of the grant of the European patent, any person 
may give notice to the European Patent Office of opposition to the European patent granted. Notice of opposition 
shall be filed in a written reasoned statement It shall not be deemed to have been filed until the opposition fee 
UJ has been paid (Art. 99(1) European patent convention). 



Rank Xerox (UK) Business Services 
U.io/3.a»/3.0. i» 



neii* AnkM \uf>/ h 



1 



EP 0 310 623 B1 



2 



Description 

Field of the Invention 

The present invention provides a plurality of 
interconnected biocompatible particles, more par- 
ticularly, miniature biocompatible particles. The 
particles may be used as tissue, e.g. dental or 
bone, implants. This invention provides the biocom- 
patible particles in strung form, e.g. woven, spun, 
rope, crocheted, braided, web or knitted form. 

Background of the Invention 

A number of materials are useful in medical, 
dental, biotechnology or veterinary applications be- 
cause they are biocompatible in the sense that 
they do not present a serious rejection reaction 
when used as a biological implant or prosthesis or 
as in vivo or in vitro growth substrate. One difficulty 
with the use of such materials in veterinary, dental 
or surgical applications involves the fact that many 
such materials, including ceramics, metals, plas- 
tics, and composites, are rigid and hard. In many 
instances, this necessitates that the prosthesis or 
implant be shaped by grinding, sawing or otherwise 
during the surgical procedure in order to assure 
proper fit. E. Fischer-Brandies, "The Resorption of 
the Alveolar Ridge", Quintessence International , 
Vol. 12. 1985, 827-831 at 828. Alternatively, it may 
be necessary to provide a plurality of different 
sizes and shapes of implants or prostheses so that 
after surgery has begun, the surgeon can select 
the proper size and shape to assure the desired fit. 
These methods in general involve some additional 
surgical risk and increased costs since the surgical 
procedure is prolonged during the shaping and/or 
selection of the implant or prosthesis. 

To eliminate the necessity for such shaping or 
selection, some types of dental or surgical implant 
or prosthesis procedures have employed a mass of 
particles in which each particle is typically on the 
order of a few microns up to a few millimeters in 
size. One such technique involves combining a 
mass of ceramic particles with a material which 
cures or sets to form a hard body, such as a 
polymerizable bonding material, as described in 
U.S. Patent US-A-4,097.935 issued July 4. 1978 to 
Jarcho. This technique, however, may be unaccep- 
table when it is desired to have an implant with an 
enhanced number of sites available immediately for 
bone or tissue ingrowth, or when some amount of 
flexibility of the implant is desired, or when H is 
desired to minimize or eliminate shrinkage and/or 
compaction as the bonding material disintegrates 
or is resorbed. An implanted hard body can, par- 
ticularly under condition of stress such as caused 
by mastication, rupture surrounding soft tissue, cre- 



ating potential infection and bacteria growth sites. 
The Jarcho patent also discloses increasing the 
porosity of a sintered non-porous body by drilling 
or machining holes. The Jarcho patent does not 
6 disclose interconnectable or flexibly connected par- 
ticles. 

In other applications, panicles are placed in the 
desired location, without a curable or setting bond- 
ing material, and the tissue of the host is allowed to 

ro grow into the implant material to eventually provide 
structural integrity. One such technique is used in 
alveolar ridge augmentation. In this technique, par- 
ticles of a ceramic, often hydroxylapatite, can be 
injected, preferably in blood or saline solution, after 

is suitable surgical preparation, by a syringe. Injection 
by syringe is possible because the particles are of 
a fluidizable size, i.e. are sufficiently small that, en 
masse , they are substantially fluid-like. The fluid- 
like characteristics of such particles allows not only 

20 ease of implantation but also permits the mass of 
ceramic material to be formed in a desired shape. 
Unfortunately, the fluid-like character of this ma- 
terial also requires particular care in surgical tech- 
nique and, even with the best known technique, 

25 sometimes results in migration of the particles, i.e. 
movement to a location other than that desired. 
Such migration is a particular problem when the 
implant site is subjected to mechanical stress. Be- 
cause tissue growth of the host into the implant 

30 material takes time, the patient must refrain from 
stressing the fluid-like implant and, in the case of 
alveolar ridge augmentation, this often means a 
soft or liquid diet for an extended period and often, 
containment with a stent. Review of Clinical Exper- 

35 iences, supplement No. 2 S67 through S75. 

As noted above, ceramic particle delivery has 
been attempted by mixing ceramic particles with 
saline or blood to form a slurry that will, to some 
degree, hold its position after placement Victor J. 

40 Matukas "Newer Clinical Applications of 
Durapatite" at p. 22 in Alveolar Ridge Augmenta- 
tion in Edentulous Patients . Another method which 
has been used in an attempt to minimize par- 
ticulate migration is the encapsulation of particles 

45 within a tube-like structure as described in R.K. 
Gongloff "Comparison of Collagen Container and 
Uncontained Implants of Hydroxylapatite," Journal 
of Dental Research , Vol. 65, p. 336 (abstract only). 
This method, however, imposes a barrier between 

so the particles and the host tissue relatively imper- 
meable to easy ingrowth of tissue and can result in 
some retardation of tissue ingrowth into the mass 
of particles. The surgeon must pack the tube be- 
fore or during the procedure or must have a variety 

55 of packed tubes to enable selection of the proper 
size. The tube is also subject to rupture with con- 
sequent loss of material. 
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Applications such as alveolar ridge augmenta- 
tion involve two somewhat competitive consider- 
ations, viz., provision of mechanical strength, and 
provision of ingrowth sites, such as pores between 
or through the particles. Up to now, the primary 5 
means for anchoring implanted particles has been 
growth around the exterior of the particles. The 
need for tissue ingrowth into the implant material 
has prompted development of ceramic particles 
having a porous structure to provide sites for tissue io 
ingrowth. However, provision of ingrowth sites has, 
up to now, invariably had a deleterious effect on 
the strength of the material. The attempt to provide 
acceptable ingrowth sites is illustrated in U.S. Pat- 
ent US-A-3,890,107 issued June 17, 1975 to White 75 
et al. and US-A-3,929,971 issued December 30, 
1975 to Roy, which disclose a ceramic particle 
constructed so as to have a plurality of pores. 
Particles with this type of porosity have a typical 
crushing strength of about 0.8 pounds (0.4 kg) 20 
when provided in a 20-25 mesh size. This crushing 
strength is substantially less than the crushing 
strength of particles which do not have such a 
highly macro-porous nature, which are typically on 
the order of about 5 pounds (2.3 kg) and up to 15 2s 
pounds (6.8 kg) or more. Further, the size and 
shape of the pores formed by this method are 
determined by the structure of marine life skeletal 
material which forms a basis for the final form of 
the particles and thus are limited to whatever forms 30 
happen to be found in nature. These materials are 
not adapted to solve the problem of implant migra- 
tion. 

Another method of providing porosity involves 
adjustment of reaction conditions during prepara- 35 
tion of particles. It is possible to affect total micro- 
porosity volume in a ceramic by adjusting process- 
ing conditions such as sintering temperature and 
pressure, as described in U.S. Patent US-A- 
4,503,157 issued March 5, 1985 to Hatahira. Such 40 
methods are ineffective to produce any desired 
pore shape or size and, further, cannot be used to 
affect pore characteristics without also affecting 
other ceramic characteristics such as crystal size. 
Another method of providing porosity includes turn- 4s 
bling the particles to produce particle agglomer- 
ation prior to sintering. It is particularly difficult in 
this method to adequately control pore size and 
density. 

US Patent US-A-3,852,045 issued December 3, so 
1974 to Wheeler et al describes a method for 
producing a porous metallic material for tissue in- 
growth application by the formation of a metal 
matrix which can be strengthened by sintering the 
web structure remaining after removal of void for- 55 
mers. 

PCT Publication WO86/03671 (EP-A-204786) 
which was published on 3 July 1986, i.e. after the 



priority date of the present application, discloses 
bone replacement material comprising ball-shaped 
particles of e.g. hydroxylapatite. The particles may 
be up to 3,000 microns in diameter and may be 
assembled on a resorbable thread to form chains 
of balls. 

Accordingly, there is a need for a biocom- 
patible article which can be implanted In tissue 
which has an amount of moldability or shapability, 
and yet is not subject to substantial migration from 
the implantation site or compaction after implanta- 
tion. There is further a need for a biocompatible 
article which can be readily molded or formed to 
the desired size and shape during implantation. 
Additionally, there is the need for a biocompatible 
material which has high strength and is resistant to 
migration from the implant site when subjected to 
mechanical stress. Also, there is a need for a 
biocompatible implant material which is amenable 
to tissue ingrowth but which has a high crushing 
strength. 

Summary of the Invention 

The present invention provides a plurality of 
biocompatible particles for use as an implant in 
tissue, and biocompatible means connecting said, 
particles, characterised in that said particles are 
cylindrical with lengthwise apertures therethrough 
into which tissue can grow, and have an outside 
diameter less than 3,000 microns, and said means 
is a flexible filament on which said particles are 
strung. The particles are preferably of a ceramic 
material and preferably have a crushing strength of 
at least about 4 pounds (1.82 Kg). 

In a preferred form of the invention adjacent 
filaments bearing particles are interconnected lat- 
erally by other filaments bearing articles to form a 
web-like or cloth-like article. Alternatively a filament 
bearing particles can be used in rope-like form. 

The invention also provides a method for pro- 
ducing a strand of biocompatible ceramic particles 
for use as an implant in tissue, comprising: 

providing a ceramic precursor material; 

forming a plurality of apertured cylindrical ce- 
ramic particles having a diameter less than 3.000 
microns from said precursor material; 

sintering said ceramic precursor material for a 
time sufficient to convert said precursor to a ce- 
ramic material having at least about 90 percent 
densification; and 

stringing the particles on a biocompatible fila- 
ment. 

Embodiments of this invention will now be de- 
scribed by way of example with reference to the 
drawings. 



3 



5 



EP 0 310 623 B1 



6 



Brief Description of the Drawings 

Fig. 1 is a perspective view of a single apertured 
particle; 

Fig. 2 is a horizontal cross-section of the particle 

of Fig. 1 taken along line 2-2; 

Fig. 3 is a vertical cross-section of the particle of 

Fig. 1 taken along line 3-3; 

Fig. 4 is a perspective view of a woven article 

comprising a plurality of apertured particles 

strung on strands; 

Fig. 5 is an elevational view of a rope-like article 
comprising a plurality of helically oriented 
strands of interconnected particles, with each 
layer extending beyond the termination of the 
next-most exterior layer; and 
Fig. 6 is an elevational view of a plurality of 
particles encased in a sock structure with a 
portion of the sock cut away to show the par- 
ticles. 

Detailed Description 

The present invention involves providing 
biocompatible material for use as implants, or 
growth substrates or other medical, dental or 
biotechnical applications. The material can be in a 
flexible form so that the material can be readily 
shaped for the required medical, dental, veterinary, 
biotechnology or tissue growth use. 

The material is in the form of particles having a 
means for interconnecting the particles, i.e. restrict- 
ing the movement of particles relative to each other 
so as to control migration of particles to sites other 
than those desired. The means for interconnecting 
the particles includes apertures through the par- 
ticles (through which an interconnecting medium 
can be passed or placed). Thus, according to this 
invention, particles are provided which are adapted 
to interconnection with one another. Apertured par- 
ticles are adapted for interconnection because the 
apertures can be employed to interconnect the 
particles by stringing, knitting, incorporation in a 
composite, and other means described more fully 
below. The apertures provide useful and control- 
lable tissue ingrowth sites, and particularly can be 
used to provide tissue implantation sites without 
seriously compromising the strength of the par- 
ticles as compared to porous particles. 

The plurality of interconnected particles of the 
present invention provides a number of advan- 
tages. The particles possess high crushing 
strength, comparable to that formerly obtained only 
in nori-porous, non-apertured particles, and provide 
an aperture of a desired size to obtain the desired 
degree, penetration, speed, and type of tissue ing- 
rowth. By providing both an outer surface and an 
inner surface, the particles produce additional sites 



for tissue ingrowth and provide the possibility for 
tissue to grow through the particle to provide a 
stronger mass and to lessen the tendency to mi- 
grate, as compared to previous dense particulates, 
s The web-like or cloth-like ceramic article provides 
stability against migration of ceramic particles, and 
the ability to shape, cut and suture, thus providing 
for adaptation of the material to the implant site 
prior to and during surgery. 

to The particles of the present invention are made 
of a biocompatible material because the particles 
are intended for a veterinary, biotechnical, dental, 
or medical use, such as bone or tooth implantation 
or prosthesis. As used herein, "biocompatible " 

75 means substantially free from deleterious effects 
on living systems particularly with regard to the 
intended use. In surgery or implant contexts 
"biocompatible" means substantially free from in- 
ducing a serious rejection reaction. A number of 

20 biocompatible materials can be used in the present 
invention including calcium phosphate ceramic ma- 
terials such as hydroxylapatite, tricalcium phos- 
phate such as whitlockite (beta form), calcium 
pyrophosphate, octacalcium phosphate, calcium 

25 fluorapatite, tetracalcium phosphate, other ceramic 
materials such as calcium carbonate, calcium sul- 
fate, alumina, zirconia, biocompatible glass, e.g. 
calcium phosphate glass, vitreous and pyrolytic 
carbons, metals such as stainless steel, tantalum 

30 and tantalum alloys, titanium and titanium alloys, 
and cobalt-chromium alloys, resinous polymers 
such as polymethylmethacrylate, polyethylene, 
polypropylene, polyurethane, polylactide (poly-lac- 
tic acid), polyglycolide (poly-glycolic acid), dacron, 

35 nylon, delrin, collagen, mixtures of the above or 
similar implantable materials. As used herein, 
"resinous polymer" includes any polymer which is 
solid at room temperature. The preferred biocom- 
patible material is a ceramic material, more prefer- 

40 ably a calcium phosphate material and most prefer- 
ably hydroxylapatite. 

The present invention involves providing an 
apertured biocompatible particle in a substantially 
cylindrical shape having a diameter less than about 

45 3 millimeter. By "apertured" is meant that the 
particles have at least one hole or passageway 
mechanically formed to extend through the body of 
the particle. The preferred apertured particle is in a 
shape like a torus. 

so The apertures are mechanically formed in the 
sense that they are produced by a mechanicaJ 
process such as dry pressing, extrusion, casting, 
isostatic pressing, or formation around a removable 
material without drilling or machining after the sin- 

55 tering process. The particles are produced in such 
a way as to provide the desired characteristics 
normally associated with the respective biocom- 
patible materials, such as biocompatibility, thermal 
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and chemical stability, thermal and electrical ln- 
sulative properties, strength, etc. The apertured 
particle has superior strength characteristics com- 
pared to conventional porous particles. For exam- 
ple, a particle formed according to this invention 
out of hydroxylapatite has a crushing strength 
greater than about 1 pound (.45 kg) and generally 
between about 4 pounds (1.8 kg) and about 18 
pounds (8.2 kg). The crushing strength of an in- 
dividual particle varies somewhat depending upon 
the orientation of the particle. The crushing 
strength of a hydroxylapatite particle when sub- 
jected to pressure directed substantially perpen- 
dicular to the longitudinal cylindrical axis is ap- 
proximately 4.6 pounds (2.1 kg). The crushing 
strength with respect to a force applied substan- 
tially parallel to the longitudinal cylindrical axis Is 
about 17.4 pounds (7.9 kg). Thus, the crushing 
strength of an individual particle is directional. The 
effective crushing strength of a plurality of particles 
which are randomly oriented will lie somewhere 
between the perpendicular and parallel crushing 
strengths, i.e. between about 4 pounds (1.8 kg) and 
about 18 pounds (82 kg). When a plurality of 
particles are non-randomly oriented, in the manner 
described below, the mass of particles will possess 
a degree of directionality of crushing strength. 
Thus, the particles can be provided so as to have 
the greatest strength in the direction of anticipated 
greatest stress. Aperture orientation can also be 
arranged to maximize speed of ingrowth which, in 
turn, enhances strength. 

The particular values of crushing strength will 
vary depending upon the material used to form the 
particles. Regardless of the biocompatible material 
used, the particles of this invention possess supe- 
rior crushing strength with respect to conventional 
porous particles of the same material and possess 
directionality of crushing strength compared to con- 
ventional porous or non-porous biocompatible par- 
ticles of comparable materia). 

The preferred biocompatible particles comprise 
ceramic material which is dense, having more than 
about 90 percent of its theoretical density, prefer- 
ably more than about 95 percent, and more prefer- 
ably more than about 98 percent of its theoretical 
density. Determination of density in this context 
presents problems both of definition and of mea- 
surement. These problems relate to the fact that 
the density of a material is affected by the scale on 
which density is determined. For example, if the 
scale is such that an intentionally formed aperture 
in the particle is included in the mass and volume 
on which density is based, a lower value for den- 
sity will result than if the scale is substantially less 
than the si2e of the intentionally formed aperture so 
that the volume and mass of the aperture can be 
excluded from the density determination. Unless 



this scale is defined, density values in this context 
have little meaning. As used herein, unless other- 
wise noted, density of individual particles is deter- 
mined on a scale such that intentionally formed 

5 apertures are not included in the mass or volume 
on which density determination is based. 

One advantage of the invention is the ability to 
control the density of a mass of the particles by 
controlling the size of the apertures or pores rela- 

io tive to the size of the particles. The density can 
further be controlled by forming the particles In a 
desired shape so as to determine the average 
inter-particle volume and shape. The theoretical 
density of the ceramic material will vary depending 

;s upon its composition. The theoretical density of 
pure hydroxylapatite is about 3.15 grams per cubic 
centimeter. The tap density of the bulk hydrox- 
ylapatite particulate preferably used in this inven- 
tion is approximately 1.83 grams per cubic centi- 

20 meter, but will vary depending on particle shape 
and size distribution, in a manner well known in the 
art. Tap density includes the mass and volume of 
intentionally formed apertures and inter-particle 
spaces. 

25 A number of medical workers have conducted 
research into the optimal pore size for bone or 
tooth implant material. As an example, some work- 
ers have found that a pore size of at least 40 to 
100 microns is needed to obtain osteoid growth. 

30 Other work has indicated that proper ingrowth of 
mineralized bone requires a pore size of at least 
about 100 microns, preferably at least about 150 
microns, and most preferably at least about 200 
microns. An advantage of the particle of the 

35 present invention is that the size of the aperture 
can be positively determined during production, by 
using the production methods described below, in 
order to achieve a desired result. Thus, assuming 
validity of the above size parameters, when the 

40 particles of the present invention are intended for 
an application in which mineralized bone ingrowth 
is desired, particles can be formed with an aperture 
diameter greater than 100 microns, preferably 
greater than 200 microns. If it were desired, for 

45 some reason, to obtain osteoid ingrowth without 
significant mineralized bone ingrowth, aperture di- 
ameter could be restricted to below 100 microns. 
Similarly, if it were desired to obtain fiberous ing- 
rowth without allowing for osteoid growth, particles 

so could be configured with an aperture having a 
diameter of about 5 to 15 microns. Further, some 
workers have found that the speed of tissue ing- 
rowth and/or the degree of penetration of tissue 
ingrowth is related to pore size. In general, the rate 

55 of growth has been found to increase with increas- 
ing pore size, at least up to a pore size of about 
100 microns. Thus, according to this invention, the 
aperture of the particles and the overall particle 
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size can be selected so as to control the type, 
speed, or degree of penetration of tissue ingrowth. 
Further, the aperture of the particles can be se- 
lected to provide a desired degree of strength or a 
desired directionality of strength. In general, load 
bearing applications require provision of smaller 
apertures and larger outside diameters, relative to 
non-load bearing applications. In the case of resor- 
bable components, because resorption is related to 
the surface area of the particle, the aperture size . 
shape and number can be selected to provide a 
desired rate of dissolution. 

The present invention, besides providing for 
control of the aperture size, also allows for control- 
ling the shape, number, and distribution of ap- 
ertures. According to this invention, apertures can 
be provided which have a cross-section other than 
circular such as oval, square, triangular, hexagonal, 
etc., or which in their longitudinal extent are bent or 
curved. The aperture is of a size and shape adapt- 
ed to allow a filament to pass therethrough, i.e. of a 
diameter large enough to allow passage of such 
filament, preferably a suture material, and not so 
curved or bent as to substantially impede insertion 
or passage of a filament therethrough. More than 
one aperture can be provided and the apertures 
can be configured so as to intersect, or so as to be 
discrete, as desired. In contrast, previous pro- 
cesses for production of small ceramic particles 
depended upon chemical, biological, sintering or 
physical (e.g. agglomeration) processes for affect- 
ing pore shape, number and distinction. 

The preferred ceramic material for production 
of the particles are hydroxylapatite and tricalcium 
phosphate or mixtures thereof. Hydroxylapatite is 
particularly useful for non-resorbable applications, 
such as alveolar ridge augmentation, treatment of 
bone cyst sites, or other bone defects such as 
those due to disease, trauma or inherited abnor- 
malities. Hydroxylapatite is particularly biocompati- 
ble, is radio-opaque and can be formed into a high 
density, high purity, polycrystalline particulate form. 
Tricalcium phosphate is useful in resorbable ap- 
plications, for example, for periodontal defects in 
which bone subsequently ingrows and provides 
support. Other types of ceramic materials which 
can be used in this invention include Al 2 0 3 , Zr0 2 , 
calcium pyrophosphate, octacalcium phosphate, 
calcium fluorapatite, tetracalcium phosphate, cal- 
cium carbonate, carbonates such as SiC, nitrides 
such as SiN, glasses, e.g. calcium phosphate glass 
or "bioglass", vitreous or pyrolytic carbon, other 
implantable ceramic materials and/or mixtures of 
the above. It is also possible to use non-ceramic 
material for formation of apertured particles, such 
as polypropylene, polyurethane, polymethyl- 
methacrylate, polyethylene. CoCr alloys, titanium 
and titanium alloys, tantalum and tantalum alloys. 



polylactide polymers, polyglycolide polymers, da- 
cron, nylon, delrin, natural, prepared or modified 
collagen, and others, or a combination of the above 
non-ceramic materials with other non-ceramic ma- 
5 terials or with ceramic materials or a mixture of 
particles having one composition with particles hav- 
ing another composition. 

The preferred particle shape is that of a cylin- 
drical shell defined by two coaxial cylindrical sur- 

jo faces. Referring now to Fig. 1, the preferred par- 
ticle 10 comprises a generally cylindrical form 12 
having an aperture 14 extending therethrough. The 
particle has a length defined by the distance be- 
tween an upper surface 16 and a lower surface 18 

is of the particle. The length is less than about 3 
millimeters, preferably between about 225 and 
2000 microns, more preferably between about 300 
and 1000 microns, and most preferably about 700 
microns. The diameter of the particle, i.e. the diam- 

20 eter of the outer cylindrical wall of the particle is 
less than about 3 millimeters and preferably be- 
tween about 425 and 2000 microns, more prefer- 
ably between about 500 and 1000 microns, and 
most preferably about 925 microns. The cylindrical 

25 particle can have a length which is greater than, 
equal to or less than the diameter of the particle. 
The ratio of the length to the outside diameter is 
preferably between about 0.5 and 1.5 and more 
preferably is about 0.75. The particles will thus 

30 generally fall in the range of -18 to +40 mesh size. 
Particles which are in this size range possess cer- 
tain fluid-like properties, and in particular a mass of 
such particles can be flowed or injected to a de- 
sired position and can be conformed to a desired 

as shape. 

The aperture 14 of the preferred particle is 
defined by a cylindrical surface substantially co- 
axial with the outer cylindrical surface of the par- 
ticle. The aperture 14 preferably extends from the 

40 top surface 16 to the bottom surface 18 of the 
particle. The aperture 14 can be between about 
500 and 1000 microns or more. The aperture 14 is 
preferably less than about 500 microns in diameter, 
more preferably between 150 and 400 microns in 

45 diameter, most preferably about 225 to 300 
microns in diameter. 

The above-described range of sizes for the 
preferred particle relate to particles intended for 
use in alveolar ridge augmentation. The dimension, 

so shape, and other characteristics of the particles 
within the scope of this invention may deviate from 
the above-described preferred size and shape, e.g. 
in some applications in which particles are in- 
tended for uses other than alveolar ridge aug- 

65 mentation. 

The particles of the present invention can be 
formed by a number of methods. The preferred 
method of formation of ceramic particles is die 
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pressing. The ceramic is formed into substantially 
dry particles of a size small enough to be easily 
placed in the die. The particles are mixed with 
binders, release agents, and other additives normal 
to die pressing methods and introduced into a die 
having the required size and shape to produce a 
green body which can be sintered to the desired 
final product size and shape. The mixture is placed 
in the die and pressed to produce a green body 
which can be handled. The green body is removed 
from the die and sintered to produce the final 
sintered particle. 

In a preferred method which uses hydrox- 
ylapatite, a feed material is produced from a slurry 
as described by Newesley and Hayek, in Organic 
Synthesis , Volume 6, 1963. This slurry can be 
mixed with additives useful as binders, plasticizers, 
release agents, deflocculants, and so forth. Such 
additives can include polyethylene glycol. Car- 
bowax 8000, polyvinyl alcohol, cellulose deriva- 
tives, calcium stearate, stearic acid, oleic acid or 
water. The slurry can be spray-dried to produce a 
fine particulate matter which is free-flowing and will 
readily fill a die cavity. In order to assure a flowable 
character, the particulate material is preferably less 
than about 100 microns in diameter and is prefer- 
ably dried, e.g. to minimize particle agglomeration. 
This dry particulate comprising powdered hydrox- 
ylapatite is next mechanically compressed into a 
shaped body by placing the particulate into a die 
cavity. The die cavity has a mandrel or core rod 
which forms the aperture in the finished product. 
The green body is somewhat larger than the de- 
sired final size, to allow for shrinkage which will 
occur during subsequent sintering. The die cavity 
thus has a diameter such that the produced green 
body will, upon sintering, shrink to a size less than 
3 mm in diameter. The die cavity is preferably less 
than 1.5 mm in diameter. Sufficient pressure is 
applied to the filled cavity to produce a green body 
which can be handled and effectively sintered and 
having a final desired shape. The amount of pres- 
sure used depends on the density desired for the 
green body, the amount of sintering shrinkage that 
can be tolerated and other factors known in the art. 
Pressing is preferably accomplished using a pres- 
sure of at least about 69 MPa (about 10,000 psi). 
An anvil style press can be used, preferably with a 
rapid stroke rate such as 90 strokes per minute or 
faster. An opposed action punch can be used to 
provide high green densities. 

If it is desired to round the edges of the par- 
ticles, the particles can be rolled in a tumbler or 
ball mill. If sufficient particles are present, media is 
not required. The rounded green particles are 
washed and dried before sintering. Alternatively, 
rounding can be accomplished by milling after sin- 
tering has been accomplished, although a longer 



milling time would be required. 

The green body is removed from the die or the 
mill and sintered under conditions of temperature, 
pressure, time, and atmosphere selected to accom- 

5 plish at least about 90 percent densification. The 
green bodies are preferably bisqued prior to sinter- 
ing. A 3 hour ramp to about 1000*C with a 1 hour 
bisque time is operable. When a large amount of 
ceramic is processed, a 100' C per hour heating to 

io a 300* C, 1 hour soak followed by a 3 hour ramp to 
a 1000'C, 1 hour soak can be used. Sintering is 
preferably conducted at approximately 1000- 
1 200 # C with a soak time of about 0.1 to 10 hours. 
When materials other than hydroxylapatite are 

is used, the particulars or the dry pressing method, 
such as the additives used, the die pressure, sin- 
tering temperature and atmosphere, densification 
aids and soak time, are varied to accommodate the 
characteristics of the ceramic or other materials. 

20 Die pressing can produce particles which are sub- 
stantially uniform in size, shape, porosity, density 
and other physical characteristics. 

Other methods of producing the ceramic par- 
ticles of this invention include extrusion, casting, 

25 isostatic pressing, hot pressing and injection mold- 
ing. It is also possible to deposit the desired ma- 
terial onto a decomposable substrate which will 
leave behind the desired configuration. Further, it is 
possible to produce a configuration which could be 

so cut or broken into the desired configuration such as 
by soaking in water. A configuration in the shape of 
tubing can be sectioned or broken into the desired 
particle size and shape. Cutting can be accom- 
plished before heating, after bisque sintering or 

35 after full sintering. 

According to one method, the hydroxylapatite 
slurry produced as described above by the method 
of Newesley and Hayek can be treated such as by 
partial drying to place in an extrudable form. The 

40 extrudable slurry of hydroxylapatite ceramic pre- 
cursor material can be extruded in a tube-like form 
and the tube-like form can be sectioned into cylin- 
drical shell-shaped objects, either before or after a 
bisque or a final sinter heating. 

45 Non-ceramic particles can be formed in a num- 
ber of manners including pressing, casting, stamp- 
ing, injection molding, powder compaction and ex- 
trusion. The method of choice depends upon the 
shape of the particle and the material being used. 

50 The interconnecting material is "flexible" As 
used herein, a flexible" material generally refers to 
a material which can be deformed with some de- 
gree of inelasticity so that the plurality of particles 
interconnected by such medium is substantially 

55 moldable so as to conform to a desired contour. 
For example, when an article comprising a plurality 
of interconnected particles is to be used for alveo- 
lar ridge augmentation, the article is moldable if the 
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article can be in elastic ally deformed using ordinary 
pressure, for example digital pressure by the sur- 
geon, to conform the article to the contour of the 
existing alveolar ridge so as to lie in intimate con- 
tact therewith, rf the article is to be used for, for 
example, building an augmentation layer on a trau- 
matized cheek bone, a somewhat lesser degree of 
inelastic deformability is required in a moldable 
article since the cheek bone is typically somewhat 
less curved than the alveolar ridge. In this sense, a 
non-moldable article is an article which cannot be 
inelastically deformed to a desired contour under, 
e.g. ordinary operating room conditions and thus 
must either be cast to the desired shape, or must 
be reshaped such as by grinding or sawing to form 
to the desired contour. 

As the particles are interconnected by a flexi- 
ble filament, there can be provided a mass of 
particles which possesses properties of the under- 
lying particle substance such as the hardness, 
chemical and thermal stability of ceramics, metals, 
or plastics, but which also possesses a degree of 
moldability, and can thus be shaped and/or sutured 
in a manner not possible with hard rigid material 
like metal or ceramic which is in ordinary form. 
Such moldable articles can also be used to provide 
for orientation of particle apertures, when present, 
to impart desired tissue ingrowth capability and for 
directionality of crushing strength, as described 
above. The moldable article can be provided in the 
form of a sheet or web-like material or can be 
provided in the shape of a moldable block or plug 
of biocompatible particles interconnected by flexi- 
ble filaments. 

In the process for interconnecting the particles, 
a plurality of apertured cylindrical ceramic particles 
having a diameter less than about 3 millimeters are 
strung onto a flexible filament, reminiscent of a 
string of beads. Such stringing can be accom- 
plished by hand, possibly assisted by trays or 
other devices for orienting the apertures to provide 
for ease of stringing. Stringing can also be accom- 
plished mechanically by a bead stringing machine. 
The string of ceramic particles can be treated to 
prevent unstringing in the event the flexible fila- 
ment is cut or broken. Such treatment can include 
knotting, looping, use of a plurality of strands of 
flexible material, heat treatment, chemicaJ reaction, 
introduction of an adhesive material, and other 
similar processes. 

The flexible filament used to string the beads is 
any material or combination of materials capable of 
being passed through the aperture of the particle, 
and preferably is in the form of a thread or yarn 
material, and is also biocompatible. The flexible 
material preferably has a flexibility and tensile 
strength comparable to suture materials and may in 
fact comprise suture material. A number of string- 



ing materials are usable, including, but not limited 
to. resorbable sutures of gut, chromic gut, and 
other collagen based materials, polyglycolic acid, 
polylactic acid, polydioxanone, and polygalactic 

s acid. Non-resorbable stringing materials can in- 
clude silk, nylon, polyethylene, stainless steel, tan- 
talum and tantalum alloys, titanium, titanium alloys, 
CoCr alloys, polypropylene, polyurethane, poly- 
methylmethacrylate, polylactide polymers, dacron, 

70 delrin, and the like or mixtures or combinations 
thereof. 

The strand-like ceramic article can be further 
used to provide the strand article In the form of a 
web or to produce a web-like or cloth-like ceramic 

/5 article by such methods as knitting, weaving, cro- 
cheting, braiding, or fabricating a rope or non- 
woven web. Tne ceramic beads can be incor- 
porated into a woven article by passing either or 
both the warp and weft threads, filaments or yarns 

20 through the ceramic particles. One method of ac- 
complishing this is to provide warp and weft fila- 
ments which are both beaded with ceramic par- 
ticles. One product which can be made by such 
method is depicted in Rg. 4. In the depicted em* 

25 bodiment, a plurality of apertured particles 10 are 
strung on fibers 20. The strung particles comprise 
both the warp 20 and weft 24 strands of a cloth-like 
material 26. It should be understood that the cloth- 
like material 26 depicted in Rg. 4 is but one 

30 embodiment of a woven article in which both warp 
and weft threads are beaded with ceramic particles. 
Other woven articles, according to this invention, 
can be provided having a different style of weave. 
Another method of producing a woven article is to 

35 interconnect beaded strands with a material such 
as a tape yarn or a second filament, e.g. by align- 
ing the bead particles on the warp strands so that 
weft filaments can be passed through the particle 
apertures. A third method is to provide each ce- 

40 ramie particle with two apertures, one for warp 
filaments and another for weft filaments. The cloth- 
like article preferably is formed in such a way that 
it can be cut or otherwise shaped without substan- 
tial unraveling or loss of ceramic material The 

45 tightness of knitting or weaving can be adjusted in 
order to control the bulk density of the cloth-like 
material as well as its degree of moldability. A 
relatively rigid article, which is nevertheless cutable 
and suturable, can be provided using a tight weave 

so or knit. The cloth-like material can comprise a 
single layer of ceramic particles or can be in the 
form of multiple layers of ceramic particles. A 
multiple-layer article can be formed by adhering a 
number of separately-formed single layer ceramic 

55 articles, such as by use of an adhesive material, 
sewing, suturing, tying, or the like, or can be woven 
or knitted in a single multi-layer article. 
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A specific embodiment of a rope-like article 
produced according to this invention is depicted in 
Fig. 5. A plurality of interconnectable particles 30 
are interconnected in a linear fashion to form a 
plurality of strands 32. Six such strands are twisted 
together in helical fashion to form a core 34 having 
a right-handed helical orientation. A second group 
of strands 32 is twisted about the core 34 in a left- 
handed helical fashion to form a first covering layer 
36. A second plurality of strands 32 is twisted 
around the first covering 36 in right-handed helical 
fashion to form a second covering 38. A third 
plurality of strands 32 is twisted around the third 
covering 38 in left-handed helical fashion to form a 
fourth covering 40. A fifth plurality of strands 32 is 
twisted about the fourth covering 40 in right-handed 
helical fashion to form a fourth covering 42. The 
end of the rope-like article is bound by a number of 
turns of suture material 46 to prevent unraveling. 
Although the core portion 34 and first, second and 
third coverings 36, 38, 40 are shown projecting 
from the end of the first, second, third and fourth 
coverings 36, 38, 40, 42 respectively, for clarity of 
illustration, the coverings 42, 40, 38, 36 and core 
34 are preferably co-term inous to provide a blunt- 
ended rope-like article. The number of strands in 
the core 34 and coverings 36, 38, 40, 42 can be 
varied and the angle and orientation of the helical 
strands can be varied to produce rope-like articles 
having a number of different diameters. A number 
of rope-like articles can be themselves twisted to- 
gether in a helical fashion in a manner well known 
in the rope-making art. The rope can be produced 
in a variety of lengths and preferably is produced 
in 25 to 100 mm lengths and 4 to 12 mm diam- 
eters. 

Biocompatible particles according to this inven- 
tion can be provided in combination with an exter- 
nal containment structure or "sock". One embodi- 
ment of the sock structure is depicted in Fig. 6, 
having a portion of the sock cut away to show the 
particles contained therein. In the embodiment de- 
picted in Fig. 6, a number of biocompatible par- 
ticles 50 having means for interconnection are in- 
terconnected in a linear fashion to form beaded 
strands 52. The strands 52 are twisted into a hel- 
ical configuration. A generally cylindrical sock 54 is 
placed exterior to the helically twisted strands 52 to 
form a sock or sausage-like structure. The sock 54 
is formed of one or more helically wound filaments 
of suture material 56. The ends 58 of the suture 
material 56 are drawn together and surrounded by 
several turns of another strand of suture material 
60 to prevent unraveling. The sock 54 can be 
provided by wrapping a number of turns of suture 
material 56 in helical fashion as shown, or can be 
woven, knitted, or otherwise formed such as by 
providing a polymer or collagen tube to provide a 



sock or casing which preferably has spaces or 
openings to be easily permeable to tissue ingrowth. 
The biocompatible particles 50 need not be pro- 
vided in twisted helical fashion, and, for example. 
5 can be provided with the strands in substantially 
linear relation to each other. 

The particles which are useful for production of 
the web-like, cloth-like, rope-like or sock article can 
be generally any particle comprising a biocom- 
io patible material as defined herein and specifically 
including particles in the form of the apertured 
ceramic particle described in connection with Figs. 
1 through 3 above. The aperture 14 can be config- 
ured to produce not only the desired tissue ing- 
75 rowth and strength characteristics, but aJso to facili- 
tate stringing, such as by having a size sufficient to 
accommodate the desired flexible material as well 
as a needle or other device used in the stringing 
process. The particular weaving, knitting, or other 
20 process used, may require the provision of multiple 
apertures in each ceramic particle, such as when 
one aperture is employed for the warp filament and 
another aperture is employed for the weft filament. 
The web-like or cloth-like article of this inven- 
ts tion can be produced using biocompatible particles 
other than ceramic particles, such as metals, poly- 
mers and reconstituted collagen or bone-like ma- 
terial. 

A primary application of the plurality of inter- 

30 connected particles is for animal or human bone 
structure augmentation, such as alveolar ridge aug- 
mentation treatment of bone defects caused by 
trauma or disease or cartilage or skin augmenta- 
tion, repair or treatment. The moldable article con- 

35 forms to the surface of the implant site and main- 
tains the ceramic particles in place while tissues 
anchor the particles through ingrowth during re- 
sorption of the resorbable flexible material and su- 
tures. The article can be shaped by the surgeon as 

40 desired such as by rolling a sheet to produce a 
desired diameter, cutting, layering, and the like. 
With respect to use of the apertured ceramic par- 
ticle which is not incorporated into a cloth-like 
article, the particles can be used for alveolar ridge 

45 augmentation using procedures well known for 
hydroxylapatite particle alveolar ridge augmenta- 
tion, such as procedures described in Victor J. 
Matukas, Alveolar Ridge Augmentation in Eden- 
tulous Patients , John M. Kent et a!., "Alveolar 

50 Ridge Augmentation Using Non-resorbable Hydrox- 
ylapatite With or Without Autogenous Cancellous 
Bone"; Journal Oral Maxillofacial Surgery , 41:629- 
624, 1983; Sanford S. Rothstein et a).. "Use of 
Durapatite for the Rehabilitation of Resorbed Alveo- 

55 lar Ridges", Journal American Dental Association , 
Volume 109, 571-574. October 1984; Garth R. Grif- 
fiths, "New Hydroxylapatite Ceramic Materials: Po- 
tential Use for Bone Induction and Alveolar Ridge 
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Augmentation", Journal of Prosthetic Dentistry , Vol- 
ume 53, 109-114, January 1985; E. Fischer-Bran- 
dies, "The Resorption of the Alveolar Ridge: Pos- 
sibilities For Treatment and Some Perspectives", 
Quintessence International , Volume 12, 1985, 827- 
831 , all incorporated herein by reference. 

The plurality of interconnected particles, includ- 
ing particles in a web-like, cloth-like or, preferably, 
rope-like article, can be used for a number of 
animal or human bone, cartilage or skin treatments 
and procedures. This aspect of the invention in- 
cludes minimizing migration of biologically implant- 
ed particles by implanting a plurality of flexibly 
interconnected biocompatible particles. When used 
for alveolar ridge augmentation, the particles can 
be used by insertion under the periosteum and 
mucousal membranes and over the edentulous re- 
sorbed ridges. The rope can be sutured into place 
to initially prevent mobility of the form during tissue 
ingrowth. The rope can be placed by pulling it with 
suture through tissue tunnels, injecting it through 
the tunnel with the aid of a syringe, placing it in 
open incisions, pushing through prepared tunnels, 
any combination of the above, or any other medi- 
cally acceptable procedure. 

The plurality of interconnected particles are 
useful in applications other than alveolar ridge aug- 
mentation. The plurality of interconnected particles 
can be used to fill bone defects such as dental, 
orthopedic, maxillofacial, otological sites, cranial 
sites, and so forth. The plurality of interconnected 
particles can also be used for cartilage-type aug- 
mentation, where soft tissues ingrowing through the 
particles will make a semi-rigid mass. Examples 
are augmentation of cartilage in the nose, ears, rib 
cage, etc. The web-like or cloth-like material is 
particularly useful for replacement of cartilage, 
bone, and skin defects and particularly in a plastic 
surgery use for correcting deformities. Further, the 
plurality of interconnected particles, and particularly 
any apertures therein, could act as carriers for 
tissue growth factors, further enhancing tissue 
growth and proliferation. The apertured biocom- 
patible material can be used to provide a channel 
for nerve growth, particularly when the biocom- 
patible material is provided in a tube-like or hollow 
fiber form, such as that produced by extrusion, with 
the aperture provided in such size as to be com- 
patible with nerve growth therethrough. Using this 
material, severed ends of a nerve can be intro- 
duced into opposite ends of the aperture to provide 
for growth of the nerve ends towards each other for 
eventual union. In this context, the aperture or 
portions thereof can be provided with a nerve 
growth enhancement factor. 

The biocompatible particles can function as a 
carrier of other material, such as tissue growth 
enhancer, bone morphogenic proteins, nerve 



growth factors, and the like. When the particles are 
in apertured form, such materials are conveniently 
placed in some or all of the apertures of the 
particles, and particularly so as to stimulate tissue 
s ingrowth, preferably ingrowth through the particle 
apertures as well as around the exterior of the 
particles. 

Tne biocompatible particles are useful as a cell 
culture substrate. The particle apertures can be 

io employed not only to provide for stability of the 
particles against migration in an in vitro environ- 
ment but also can be used to increase the surface 
area for cell attachment, to control the type and 
penetration of cell ingrowth into the growth sub- 

75 strate, and/or to provide growth factors. In particu- 
lar, the biocompatible particles of this invention are 
capable of maintaining cell phenotype while for- 
ming in multi-layer thicknesses. 

Uses of a material which is moldable, cutable, 

20 shapable, and sewable as cloth and yet which has 
the desirable characteristics of a ceramic material 
are not limited to dental, veterinary, biotechnology, 
cell culturing or surgical applications. Such a ma- 
terial is useful in forming protective clothing such 

25 as heat or projectile-proof clothing. Such material 
can be used for heat shield surfacing of tools, 
aircraft, etc., particularly when the flexible connect- 
ing material is also heat-tolerant. Such material can 
be used to cover or line a complex shape, e.g. 

30 prior to sintering the shape. 

EXPERIMENTAL 

The following examples are provided by way of 
35 illustration and not by way of limitation. 

Example 1 

264 g of diammonium phosphate (reagent 

40 grade) was put in an 18 liter plastic tank along with 
9 liters of deionized water and stirred until clear. 
2.5 liters of ammonium hydroxide (reagent grade) 
was then added and stirring continued for 3 hours. 
798 g of calcium nitrate, 4 hydrate (reagent 

45 grade) was put in an 18 liter plastic tank along with 
5.9 liters of deionized water and stirred until clear. 
103 milliliters of ammonium hydroxide (reagent 
grade) was then added and stirring continued for 
30 minutes. After stirring was completed, the cal- 

50 cium nitrate solution was filtered through a quan- 
titative, slow filtration, fine precipitate filter and 
transferred to an 18 liter plastic reaction tank. Upon 
completion of the transfer, stirring was initiated in 
the reaction tank. 

55 Immediately when the 3 hour stirring time for 
the ammonium phosphate solution was ended, 
transfer of the solution into the reaction tank began. 
Transfer was by dripping over a 3 hour period. 
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Stirring in the reaction tank was continued for 21 
hours after the transfer was completed. 

At the end of stirring in the reaction tank, the 
hydroxylapatite slurry was allowed to settle to 
about 1/3 its original volume over a 6 hour period. 
The clear liquid was decanted off the top, and the 
slurry was resuspended in water to its original 27.5 
liter volume. The settling/decantation was repeated 
twice more, then the slurry was concentrated in an 
IEC model Centra-7 centrifuge. The collected cake 
was a hard paste with a water content of about 85 
percent. Its total weight was about 380 grams. 

The centrifuged, washed slurry was mixed with 
approximately 10 weight percent deflocculent 
(Darvan 821 A) to obtain a solution with a viscosity 
of approximately 500 centipoise as measured with 
a Brookfield viscometer. After thorough mixing for 
about 15 minutes with a non-metallic paddle stirrer, 
a binder solution was added to the solution. The 
binder was polyethylene glycol (Carbowax 8000) 
mixed with distilled water in a concentration of 30 
percent solids. The concentration of binder is 5 
percent based on the solids content of the hydrox- 
ylapatite slurry. This binder solution was thoroughly 
mixed with the slurry solution for a minimum of 15 
minutes and stored in a sealed container until 
spray dried. 

The slurry was mixed thoroughly before spray 
drying. It was pumped by a peristaltic pump into 
the chamber onto the rotary atomizer that was 
rotating at a speed of 8000 to 12000 rpm. The inlet 
temperature of the spray dryer was about 180"C 
with an outlet temperature of about 110' C. The 
chamber product of the spray dryer was screened 
-200 mesh +400 mesh. The powder has a Hall 
flow rate of approximately 45 seconds, and a bulk 
density of greater than 0.55 grams per cc, with a 
mean particle size of typically 55 microns. The 
screened spray dried powder is blended to form a 
mixture having a 1% content of a die lubricant 
which is 50% fuel oil and 50% Mobil Comprex 
BPO to produce the press feed. 

The spray dried hydroxylapatite was compact- 
ed in a die in an anvil style press. The die cavity 
was about 1.17 mm (0.046 inches) outside diam- 
eter with a core rod of 0.36 mm (0.014 inches) 
diameter. The fill ratio was about 3:1. The green 
density was about 55% of the theoretical density of 
3.15 grams per cc. 

The parts were placed in high purity alumina 
crucibles that had been acid cleaned. The parts 
were heated over a period of three hours to the 
bisquing temperature of 1000* C for a sintering 
time of 1 hour. 

The sintering was completed by using a ramp 
of 3 hours to 1100' C with an isothermal hold of 8 
hours. 



A first measure of density of the apertured 
piece was determined by measuring the outside 
diameter, thickness, and mass of the piece, then 
calculating the density by dividing the mass by the 

s volume. This density obtained by this method, 
which includes the mass and volume of the 
intentionally-formed aperture, was about 90% of 
theoretical density. 

A second measurement of density was deter- 

io mined by using the pycnometric method similar to 
ASTM C135. Density determined by this method 
was greater than about 98% theoretical density. 

The strength of the parts was evaluated in two 
directions, diametrical (perpendicular to the hole) 

75 compression or simple compression (parallel to the 
hole). The testing was performed on a combination 
tensile/compression testing apparatus using a cros- 
shead speed of 0.35 mm per minute. The parts 
were placed between two flat anvils with 0.2 mm 

20 (0.008 inch) thick layer of polyethylene to accom- 
modate any misalignment. The parts were loaded 
until fracture and the maximum force to fracture 
was recorded. A minimum of 10 parts were tested 
in each direction and an average fracture strength 

25 was calculated. Parts with an outside diameter of 
800 microns, an aperture of 225 microns and a 
thickness of 650 microns had an average diamet- 
rical compression strength of about 4.6 pounds (2.1 
kg) and an average simple compression strength of 

30 17.4 pounds (7.9 kg). 

Example 2 

Apertured particles produced according to the 
35 process of Example 1 were strung using gut suture 
or synthetic suture to produce strands of particles. 

Example 3 

40 A rope structure is produced by having a core 
of 4 twisted strands covered by 6 strands twisted in 
the opposite direction. This is then covered by 12 
strands twisted in the opposite direction to produce 
a twisted rope 6 mm in diameter. These are made 

45 in 8 mm diameters by increasing the number of 
core strands or by using a fourth layer of strands. 

Example 4 

so A tube-like structure is made by providing 
strung apertured particles as described in Example 
2. Those strung particles are subsequently held in 
place by an overweaving of bare suture. 

55 Example 5 

Particles produced by the process of Example 
1 were evaluated for biocompatibility or suitability 
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as tissue culture substrates using fibroblasts and 
chondrocytes. Particles were cleaned and sterilized 
for use as micro-carriers. Rbroblasts or chon- 
drocytes were suspended in growth medium con- 
sisting of Dulbecco's Modified Eagle Medium sup- 
plemented with 10% (v/v) horse serum and 1% 
penicillin, steptomycin, and fungizone. Approxi- 
mately 100,000 cells were seeded on 500 milli- 
grams of apertured particles in 60 mm x 15 mm 
Petri dishes. Four milliliters of growth medium was 
added per dish. Cultures were maintained in a 
carbon dioxide incubator and fed twice weekly. By 
the end of the second week, particles were covered 
completely with cells. The cells were formed In 
multi-layer thicknesses while maintaining their 
phenotype and increasing in number over a hun- 
dred fold. 

Example 6 

Fiber extrusion of hydroxylapatite was carried 
out with an 80% moisture feed and a stainless 
steel extrusion die with a 0.13 mm (0.005 inch) 
outlet. Centrifuged hydroxylapatite slurry with a 
moisture content of 85% was prepared as de- 
scribed in Example 1. The extrusion feed was 
prepared by oven drying the centrifuged hydrox- 
ylapatite at 110*C to a pasty consistency. The 
extrusion die, a cylinder with a feed chamber 7.6 
cm (3 inches) long and 12.7 mm (1/2 inch) in 
diameter, was fitted into a press with a 1814 kg 
(4000 pound) capacity. Both the extrusion die and 
plunger were constructed of stainless steel, with a 
rubber plunger seal. The outlet of the die was fitted 
with a modified hypodermic syringe needle, 5.1 
mm (0.2 inch) in length with a 0.13 mm (0.005 
inch) internal diameter. A 9 cc volume of feed, 
extruded at a pressure of approximately 9.1 kg (20 
pounds), yielded 2 cc of 50 micron diameter 
hydroxylapatite when fired to 1 100' C. 

Example 7 

An apertured particle is produced by extruding 
a hydroxylapatite slurry to form a tube-like struc- 
ture having an outside diameter of about 1000 
microns and an inside diameter of about 250 
microns. The tube-like structure is cut into lengths 
of about 1000 microns each. The cut lengths are 
sintered to produce sintered apertured hydrox- 
ylapatite particles with a density of at least about 
90% theoretical. 

Claims 

1. A plurality of biocompatible particles (10) for 
use as an implant in tissue, and biocompatible 
means connecting said particles, characterised 



in that said particles are cylindrical (12) with 
lengthwise apertures therethrough into which 
tissue can grow, and have an outside diameter 
less than 3,000 microns, and said means is a 
s flexible filament (20) on which said particles 

are strung. 

2. The plurality of particles of claim 1 wherein the 
particles (10) have a length less than 3,000 
io microns. 

3* The plurality of particles of claim 2 wherein the 
particles (10) have a length less than 1,000 
microns. 

is 

4. The plurality of particles of claim 1, 2 or 3 
wherein the particles have apertures (14) with 
a diameter less than 500 microns. 

20 5. The plurality of particles of claim 4 wherein the 
aperture diameter is In the range 225 microns 
to 300 microns. 

6. The plurality of particles of any preceding 
25 claim wherein the particles (10) have a diam- 
eter of not more than 1 ,000 microns. 

7. The plurality of particles of any preceding 
claim wherein the filament (20) is of resorbable 

30 suture material. 

8. The plurality of particles of any preceding 
claim wherein said particles (10) comprise cal- 
cium phosphate. 

35 

9. The plurality of particles of claim 8 wherein 
said particles (10) comprise hydroxylapatite. 
tricalcium phosphate or a mixture thereof. 

40 10. The plurality of particles of any one of claims 
1-7 wherein said particles (10) comprise ma- 
terial selected from calcium pyrophosphate, 
octacalcium phosphate, calcium fluorapatite, 
tetracalcium phosphate, calcium carbonate. 

45 calcium sulfate, alumina, zirconia, calcium 

phosphate glass, vitreous carbon, pyrolitic car- 
bon, silicon carbide and silicon nitride. 

11. The plurality of particles of any preceding 
50 claim wherein said particles (10) have a den- 
sity greater than about 90 percent of the theo- 
retical density. 

12. The plurality of particles of any preceding 
55 claim wherein said particles (10) have a crush- 
ing strength of at least 4 pounds (1.8 Kg). 
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13. The plurality of particles of any one of claims 
1-7 wherein said particles (10) comprise a 
biocompatible material selected from a ceram- 
ic, a metal, a polymer and a combination 
thereof. 

14. The plurality of particles of claim 13 wherein 
said metal is selected from cobalt, chromium 
alloys, titanium, titanium alloys, tantalum, tan- 
talum alloys and stainless steel. 

15. The plurality of particles of claim 13 wherein 
said polymer is selected from polymethyl- 
methacrylate, polypropylene, polyurethane, 
polyethylene, polyactide polymers, dacron, col- 
lagen and polyglycolide polymers. 

16. The plurality of particles of any preceding 
claim wherein a strand (32), formed by par- 
ticles strung on a filament, is interconnected to 
other such strands (32). 

17. The plurality of particles of claim 16 wherein 
said strands (32) are interconnected by a sec- 
ond filament. 

18. The plurality of particles of claim 17 wherein 
said second filament has a plurality of said 
biocompatible cylindrical apertured particles 
(1 0) strung thereon. 

19. The plurality of particles of any one of claims 
1-15 wherein strands,, formed by particles 
strung on a filament, are assembled to provide 
a web-like or cloth-like article. 

20. The plurality of particles of any one of claims 
1-15 wherein strands, formed by particles 
strung on a filament, are assembled to provide 
a rope-like article. 

21. A method for producing a strand of biocom- 
patible ceramic particles for use as an implant 
in tissue, comprising: 

providing a ceramic precursor material; 

forming a plurality of apertured cylindrical 
ceramic particles (10) having a diameter less 
than 3,000 microns from said precursor ma- 
terial; 

sintering said ceramic precursor material 
for a time sufficient to convert said precursor 
to a ceramic material having at least about 90 
percent densification; and 

stringing the particles on a biocompatible 
filament. 

22. The method of claim 21 wherein said particles 
are formed by casting. 



23. The method of claim 22 wherein said ceramic 
precursor material is formed into a plurality of 
flowable ceramic precursor particles (10), 
wherein said casting comprises introducing 

5 said particles (10) into a die cavity having an 

aperture-forming mandrel therein, wherein said 
particles are subjected to a pressure of greater 
than about 10,000 psig (69 MPa) to produce a 
green body, and wherein said green body is 

;o sintered at a temperature sufficient to obtain at 
least about 90 percent densification. 

24. The method of claim 21 wherein said ceramic 
precursor material is injection molded into a 

75 cylindrical shell-shaped green body having a 
diameter less than about 3,000 microns. 

Patentansprtiche 

20 1. Vielzah! biologisch vertra*glicher Teilchen (10) 
f(Jr die Verwendung als ein Gewebeimplantat 
und biologisch vertrSgliche Bnrichtung zur 
Verbindung dieser Teilchen, dadurch ge- 
kennzelchnet, dafi die Teilchen zylindrisch 

25 (12) mit langs durch sie hindurchgehenden 
dffnungen, in welche Gewebe wachsen kann, 
sind und einen AuCendurchmesser geringer als 
3000 Mikron haben und dafl die besagte Bn- 
richtung ein flexibler Faden (20) ist, auf wel- 

30 chen die Teilchen aufgefSdelt sind. 

2. Vielzahl von Teilchen nach Anspruch 1, bei der 
die Teilchen (10) eine LSnge geringer als 3000 
Mikron haben. 

35 

3. Vielzahl von Teilchen nach Anspruch 2, bei der 
die Teilchen (10) eine Lange geringer als 1000 
Mikron haben. 

40 4. Vielzahl von Teilchen nach Anspruch 1 , 2 Oder 
3, bei der die Teilchendffnungen (14) einen 
Durchmesser geringer als 500 Mikron haben. 

5. Vielzahl von Teilchen nach Anspruch 4, bei der 
45 der Offnungsdurchmesser im Bereich von 225 

Mikron bis 300 Mikron liegt. 

6. Vielzahl von Teilchen nach einem dervoraus- 
gehenden AnsprUche, bei der die Teilchen (10) 

50 einen Durchmesser von nicht mehr als 1000 
Mikron haben. 

7. Vielzahl von Teilchen nach einem der voraus- 
gehenden AnsprUche. bei der der Faden (20) 

55 ein resorbierbares NShmaterial ist. 

8. Vielzahl von Teilchen nach einem der voraus- 
gehenden AnsprUche, bei der die Teilchen (10) 
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Calciumphosphat umfassen. 

9. Vielzahl von Teilchen nach Anspruch 8, bei der 
die Teilchen (10) Hydroxy lapatit, Tricalcium- 
phosphat Oder ein Gemisch hiervon umfassen. s 

10. Vielzahl von Teilchen nach einem der AnsprtJ- 
che 1 bis 7, bei der die Teilchen (10) Material 
aus der Gruppe Calciumpyrophosphat, Octa- 
caJciumphosphat, Calciumfluorapatit, Tetracal- to 
ciumphosphat, Calciumcarbonat, Calciumsulfat, 
Aluminiumoxid, Zirkonoxid, Calcium phosphat- 
glas, glasartiger Kohlenstoff, pyrolytischer Koh- 
lenstoff, Siliciumcarbid und Siliciumnitrid um- 
fassen. 75 

11. Vielzahl von Teilchen nach einem der voraus- 
gehenden AnsprUche, bei der die Teilchen (10) 
eine groCere Dichte als etwa 90 % der theore- 
tischen Dichte haben. 20 

12. Vielzahl von Teichen nach einem der voraus- 
gehenden Ansprtiche, bei der die Teilchen (10) 
eine Druckfestigkeit von wenigstens 4 Pound 

(1 ,8 kg) haben. 25 

13. Vielzahl von Teilchen nach einem der AnsprU- 
che 1 bis 7, bei der die Teilchen (10) ein 
biologisch vertragliches Material aus der Grup- 
pe eines Keramikmaterial, eines Metalles. ei- 30 
nes Polymers und einer Kombination hiervon 
ausgewShlt ist. 

14. Vielzahl von Teilchen nach Anspruch 13, bei 

der das Metall aus der Gruppe Kobalt. Chrom- 25 
legierungen, Titan, Titanlegierungen, Tantal, 
Tantallegierungen und rostfreier Stahl ausge- 
wahlt ist. 

15. Vielzahl von Teilchen nach Anspruch 13, bei ao 
der das Polymere unter Polymethylmethacry- 

lat, Polypropylen, Polyurethan, Polyethylen, 
der Polylactidpolymere, Dacron, Collagen und 
Polyglycolidpolymere ausgewahlt ist. 

16. Vielzahl von Teilchen nach einem der voraus- 
gehenden AnsprUche, bei der ein Strang (32), 
der von auf einem Faden aufgefadelten Teil- 
chen gebildet wird, mit anderen solcher Stran- 
ge (32) verbunden ist. 50 

17. Vielzahl von Teilchen nach Anspruch 16, bei 
der die Strange (32) durch einen zweiten Fa- 
den miteinander verbunden sind. 

55 

18. Vielzahl von Teilchen nach Anspruch 17, bei 
der der zweite Faden eine Vielzahl der biolo- 
gisch vertraglichen zylindrischen, mit Offnun- 



gen versehenen Teilchen (10) darauf aufgefS- 
delt hat. 

19. Vielzahl von Teilchen nach einem der AnsprO- 
che 1 bis 15, bei dem von auf einem Faden 
aufgefSdelten Teilchen gebildete Strange so 
montiert sind, dafl sie einen bahnartigen oder 
stoffartigen Gegenstand liefem. 

20. Vielzahl von Teilchen nach einem der Ansprti- 
che 1 bis 15, bei der von auf einem Faden 
aufgefadelten Teilchen gebildete Strange so 
montiert sind, dafi sie einen seilartigen Gegen- 
stand liefem. 

21. Verfahren zur Herstellung eines Stranges biolo- 
gisch vertrSglicher Keramikteilchen fOr die Ver- 
wendung als ein Gewebeimplantat, bei dem 
man 

ein keramisches Voriaufermaterial vorsieht, 
eine Vielzahl von mit Gffnungen versehenen 
zylindrischen Keramikteilchen (10) mit einem 
Durchmesser geringer als 3000 Mikron aus 
diesem Voriaufermaterial bildet, 
das keramische Voriaufermaterial ausreichend 
lange, urn den Voriaufer in ein Keramikmaterial 
mit wenigstens etwa 90 % Verdichtung urnzu- 
wandeln, sintert und 

die Teilchen auf einem biologisch vertraglichen 
Faden auffadelt. 

22. Verfahren nach Anspruch 21 , bei dem die Teil- 
chen durch Gieflen geformt werdeni 

23. Verfahren nach Anspruch 22, bei dem das 
keramische Voriaufermaterial zu einer Vielzahl 
flieflfahiger keramischer Voriauferteilchen (10) 
geformt wird wobei dieses Gie/ten eine EinfUh- 
rung der Teilchen (10) in einen Hohlraum mit 
einem eine Offnung bildenden Dorn darin um- 
faBt. wobei die Teilchen einem Druck grower 
als etwa 10 000 psig (69 MPa) unterzogen 
werden, urn einen Rohling zu erzeugen, und 
worin dieser Rohling bei einer ausreichenden 
Temperatur, urn wenigstens etwa 90 % Ver- 
dichtung zu erhalten, gesintert wird. 

24. Verfahren nach Anspruch 21 , bei dem das 
keramische Voriaufermaterial zu einem Rohling 
mit der Form einer zylindrischen Schale und 
mit einem Durchmesser geringer als etwa 
3000 Mikron spritzgeformt wird. 

Revendlcatlons 

1. Ensemble de particules biocompatibles (10) 
pour utilisation comme implant dans des tis- 
sus, et moyen d'interconnexion reliant lesdites 
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particules, caract£ri$£ eh ce que lesdites parti* 
cules sont cylindriques (12) avec des trous 
longitudinaux les traversant, dans lesquels le 
tissu peut se developper, et ont un diametre 
exte>ieur inferieur a 3000 microns, et ledit 
moyen est un filament flexible (20) sur lequel 
lesdites particules sont enfil6es. 

2. Ensemble de particules selon la revendication 

1, dans lequel les particules (10) ont une lon- 
gueur interieure a 3000 microns. 

3. Ensemble de particules selon la revendication 

2. dans lequel les particules (10) ont une lon- 
gueur infSrieure a 1000 microns. 

4. Ensemble de particules selon la revendication 
1, 2 ou 3 dans lequel les particules comportent 
des trous (14) d'un diametre inferieur a 500 
microns. 

5. Ensemble de particules selon la revendication 
4, dans lequel le diametre des trous est com- 
pris entre 225 microns et 300 microns. 

6. Ensemble de particules selon Tune quelconque 
des revendications pr£c£dentes, dans lequel 
les particules (10) ont un diametre ne depas- 
sant pas 1000 microns. 

7. Ensemble de particules selon Tune quelconque 
des revendications pr6c6dentes. dans lequel le 
filament (20) est en un mate*riau de suture 
resorbable. 

8. Ensemble de particules selon Tune quelconque 
des revendications prdc^dentes, dans lequel 
lesdites particules (10) comprennent du phos- 
phate de calcium. 

9. Ensemble de particules selon la revendication 
8. dans lequel lesdites particules (10) com- 
prennent de Thydroxyapatite, du phosphate tri- 
calcique ou un melange de ceux-ci. 

10. Ensemble de particules selon Tune quelconque 
des revendications 1 a 7, dans lequel lesdites 
particules (10) comprennent un matSriau seMec- 
tionne* parmi le pyrophosphate de calcium, le 
phosphate ostacalcique, la fluorapatite de cal- 
cium , le phosphate tricatcique, le carbonate 
de calcium, le sulfate de calcium, I'alumine, la 
zircone, le verre de phosphate de calcium, le 
carbone vitreux, le carbone pyrolitique, le car- 
bure de silicium et le nitrure de silicium. 

11. Ensemble de particules selon Tune quelconque 
des revendications pr6c6dentes. dans lequel 



lesdites particules (10) ont une densite de plus 
de 90 % environ de la densite* theorique. 

12. Ensemble de particules selon Tune quelconque 
5 des revendications pr£c6dentes. dans ' lequel 

lesdites particules (10) ont une resistance a 
r§crasement d'au moins 1,8 kg (4 pounds). 

13. Ensemble de particules selon Tune quelconque 
to des revendications 1 a 7, dans lequel lesdites 

particules (10) comprennent un materiau bio- 
compatible s6lectionn6 parmi une ce>amique, 
un m6tal, un polymere et une combinaison de 
ceux-ci. 

75 

14. Ensemble de particules selon la revendication 
13, dans lequel ledit metal est seMectionne* par- 
mi le cobalt, les alliages de chrome, le titane, 
les alliages de titane, le tantale, les alliages de 

20 tantale et racier inoxydable. 

15. Ensemble de particules selon la revendication 
13, dans lequel ledit polymere est sglectionne* 
parmi le methacrylate de polymeHhyle, le poly- 

25 propylene, le polyur&hanne, le polyethylene, 
les polymeres polyactides, le Dacron, le colla- 
gene et les polymeres polyglycolides. 

16. Ensemble de particules selon Tune quelconque 
30 des revendications prec£dentes, dans lequel 

un fil (32) forme par des particules enfiiees sur 
un filament, est interconnecte a d'autres fils 
(32) identiques. 

35 17. Ensemble de particules selon la revendication 
16. dans lequel lesdits fils (32) sont intercon- 
nectes par un second filament. 

18. Ensemble de particules selon la revendication 
40 17, dans lequel ledit second filament comporte 

un ensemble desdites particules biocompati- 
bles percees cylindriques (10) enfiiees sur lui. 

19. Ensemble de particules selon Tune quelconque 
45 des revendications 1 a 15. dans lequel les fils, 

formes par des particules enfiiees sur un fila- 
ment, sont assembles pour former un article 
semblable a une toile ou tissu. 

50 20. Ensemble de particules selon Tune quelconque 
des revendications 1 a 15. dans lequel les fils, 
formes par des particules enfiiees sur un fila- 
ment, sont assembles pour former un article 
semblable a une corde. 

55 

21. Procede de fabrication d'un fil de particules 
biocompatibles en cdramique pour utilisation 
comme implant dans des tissus, comprenant 
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los operations consistant a : 

disposer d'un materiau c^ramique precur- 
seur; 

former un ensemble de particutes en c6ra- 
mique cylindriques, perches (10) d'un diametre 5 
inf^rieur a 3000 microns a partir dudit materiau 
precurseur; 

fritter ledit materiau c^ramique precurseur 
pendant une durde suffisante pour transformer 
ledit precurseur en un materiau ce>amique io 
d'une densification d'au moins 90 % environ; 
et 

enfiler les particules sur un filament bio- 
compatible. 

T5 

22. Precede* selon la revendication 21. dans lequel 
lesdites particules sont formees par moulage. 

23. Precede" selon la revendication 22, dans lequel 
ledit materiau ce>amique precurseur est forme 20 
en un ensemble de particules (10) de mate'riau 

c6 rami que precurseur pouvant s'6couler, dans 
lequel ledit moulage comprend Introduction 
desdites particules (10) dans une cavtte* de 
matrice comportant un mandrin de formation 25 
de trou en son sein, dans lequel lesdites parti- 
cules sont soumises a une pression supeVieure 
a 69 MPa (10 000 psi) pour produire un corps 
vert, et dans lequel ledit corps vert est fritte a 
une temperature suffisante pour obtenir une 30 
densification d'au moins 90 % environ. 

24. Procede selon la revendication 21 , dans lequel 
ledit materiau ceramique precurseur est mouie 

par injection en un corps vert en forme de 35 
coque cylindrique d'un diametre inferieur a 
3000 microns environ. 
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